A novel gain-enhanced microstrip antenna (MSA) with metamaterial planar lens for longrange radio frequency identification (RFID) applications for the 902-928 MHz UHF frequency band is proposed in this paper. The antenna is a combination of a new general-purpose circularly polarized MSA and a novel effective negative refractive index metamaterial (NIM) slab of 25 unit cells, arranged in a 5 × 5 layout, working as a planar lens for gain enhancement. The general-purpose MSA has an impedance frequency band of 828-1015 MHz, a maximum gain of 8.43 dBi at 915 MHz, an axial ratio frequency band of 896-931 MHz, and excellent performance for short and medium range RFID applications. The new infinite periodicity NIM slab has a negative refractive band of 886-1326 MHz, a negative electric permittivity band of 888-3406 MHz, and a negative magnetic permeability of band 885-1065 MHz. Together, the general-purpose MSA and the NIM planar lens results in the low-cost gain-enhanced antenna for long-range RFID applications, with an 843-993 MHz impedance frequency band and a maximum broadside gain enhancement of 48.27%, resulting in a 12.5 dBi gain at 902 MHz. Finally, the parametric studies conducted during the design process of the gain-enhanced antenna with metamaterial planar lens are presented.
INTRODUCTION
RFID is an Auto Identification and Data Capture (AIDC) system that carries information around using radiofrequency waves that presented a global revenue of 11.2 billion dollars in 2017 [1, 2] . This technology, especially the specified by ISO 18000-6c and operating at the ITU Region 2 frequency band, 902-928 MHz [3] , has been increasingly adopted in sectors like apparel retail, assets and supply chain management, logistics and transports [4] [5] [6] [7] . Microstrip antennas (MSA) are used in several wireless applications, being present in aircrafts, spacecrafts, missiles and satellites, for example [8] . These, according to [8] [9] [10] [11] , are thin, lightweight, cheap, easy to manufacture, to polarize circularly and linearly and to integrate with feeding networks and impedance matching structures. All these features made the MSA the most popular one for RFID readers operating in the UHF band [12] . Commonly, MSA presents gains ranging from 6-9 dBi, according to [8, 12, 13] , being it sufficient for the use of RFID in medium and short range applications like apparel, retail and supply chain management, for instance [6, 7] . Nevertheless, several long-range RFID applications like the automatic identification of cars and trucks in tolls and parking spaces, as seen in [4, 5] , require long-range RFID communication. In those situations, the use of high gain antennas (≥ 9 dBi) is a standard solution.
Microstrip antennas arrays are used to provide a required pattern that is difficult to be achieved with a single element feed [8] . The MSA array showed in [13] has 12.5 dBi and can provide longrange RFID communication, but they are costly and difficult to manufacture, due to its specificity and complexity, being also large and heavy in comparison with a single element microstrip antenna.
Another way to obtain a high-gain antenna is by using a single element antenna configuration with a metamaterial superstrate acting as a planar lens [14, 15] . Metamaterials (MTM) are dispersive artificial electromagnetic media with physical properties engineered by assembling periodically structures, called unit cells, much smaller than the wavelength of the impinging electromagnetic wave [16, 17] . Negative refractive index metamaterials (NIM) are engineered materials with a negative refractive index that, among other things, can be used as a superstrate of a microstrip antenna and acts as a convergent planar lens, focusing electromagnetic waves and thus enhancing the maximum gain of antennas [18, 19] . This configuration provides a low-cost, easy to manufacture, small, light and flexible antenna, that could operate as general-purpose circular polarized microstrip antenna, or as a gain-enhanced antenna for long-range RFID applications when used in combination with a novel metamaterial superstrate acting as a planar lens. This approach to achieving gain enhancement has already been used for several communication systems for a wide range of operating frequencies bands, like S, C and X bands [15, [19] [20] [21] , but never used for in UHF RFID Readers antennas operating at 902-928 MHz frequency band.
Therefore, it is in that context that comes the idea to develop a novel general-purpose single element MSA that can be used in short and medium range communications for RFID applications [6, 7] , an also novel NIM superstrate acting as a planar focusing lens, and the combination of both, forming a novel, light, small, low-cost, gain-enhanced antenna for long-range RFID applications [4, 5] , using the 902-928 MHz frequency band. This development contributes to reducing the expensive costs of the needed infrastructure [22] , pushing the RFID adoption in a wide range of applications globally. This work also provides a fresh understanding of negative index metamaterial around 1GHz frequency band. This paper continues describing the antenna design, including the general-purpose MSA, NIM superstrate, and the entire radiation set assembled together. Then, the experimental and simulation results are shown, analyzed and discussed. A set of parametrical studies are done to understand the design of the superstrate metamaterial and its combination with the general-purpose MSA, forming thus the MSA with NIM planar lens. Finally, the conclusion of this paper is presented, synthesizing the most significant achievements of this work.
ANTENNA CONCEPTION
The conception of this low-cost gain-enhanced MSA with NIM planar lens for long-range RFID applications begins with the design of the general-purpose MSA and the NIM planar lens. Then, both are bundled together to compose the final configuration of this MSA with NIM planar lens. Finally, the entire set is manufactured for validation.
The first step in the general-purpose MSA design is the definition of its constitutive matter. This antenna design considers the use of galvanized steel sheets with tg = 0.3 mm of thickness, cylindrical polypropylene spacers with 3 mm radius and a pigtail made of RG-316 cable and a TNC-RP female connector, emphasizing the low-cost nature of this MSA.
After that, it is time to focus on the electromagnetic engineering of it. The square patch is the most straightforward structure to manufacture and analyze [8] , being used from the simplest to the most demanding applications. Two stacked patches, a main and a parasite, is a compact structure to provide a substantial impedance bandwidth [10] . Circular polarization is relevant to several RFID applications due to their difficulty to determine the relative orientation between reader and tag antennas [12] . The use of a T-junction is a simple and cheap way to excite two resonant, orthogonal and quasi-degenerate modes, T M x 001 and T M x 010, needed to make the antenna radiation to be circularly polarized [9] . A tapered three-dimensional transition is a compact impedance matching structure that connects the feeding network to the square patch [9] . Thus, this general purpose MSA is based on [23] and specified as circularly polarized microstrip square patch with a ground plane, a main and a parasite patches, a microstrip feed line working as a T-junction and a three-dimensional transition impedance matching device that binds the main patch with the feeding network mentioned above. The ground plane is separated from the main patch by four cylindrical polypropylene spacers with hpi of height that provide an air substrate layer which reduces losses, such as those from surface waves, increasing thus bandwidth, efficiency, and gain, for instance [11] . The use of this air substrate layer is the most significant structural advance of this general-purpose MSA in comparison with [23] . The parasite square patch is on top of the main, being also separated by four cylindrical polypropylene spacers with hpa of height and another air substrate layer. The proposed configuration for the general-purpose RFID reader MSA can be seen in Fig. 1 . The exact dimensions of the antenna configuration are illustrated in Fig. 2 , being determined using the systematic design method defined in [24] in conjunction with the mathematical and physical tools shown in [8] [9] [10] [11] [12] and several parametric studies made with Ansoft HFSS TM . Table 1 exhibits numeric values of the antenna most relevant dimensions. After the design of the general-purpose MSA, the NIM planar lens is then designed. This process also starts with the selection of the material used in this NIM planar lens fabrication, being it based on td = 1.6 mm thickness FR4 sheets, with tc = 0.140 mm of thickness copper conductor. Naturally, the geometry selection of the metamaterial unit cell is the next step. Jerusalem Cross (JC) is a geometry based on a pair of I-shaped crossed dipoles that are used in several metasurfaces [25] [26] [27] . Unit cells based [16, 28, 29] , produces metamaterials able to support both symmetric (electric) and antisymmetric (magnetic) resonance modes whose superposition leads to and effective NIM media. This Jerusalem Cross Pair (JCP) metamaterial is easy to manufacture and can provide an effective negative refractive index response with a small sensibility to polarization and incidence angle of the incoming plane wave, simplifying the design and fabrication process [16, 28] . Basically, the design process of this infinite periodicity JCP/NIM slab is guided knowing that the capacitance of this metamaterial came from the electric field present in the gaps between each unit cell, the inductance is related to the electric current flowing in the body of the I-shaped dipole, and thicker substrates results in broader bandwidths [25] [26] [27] [28] [29] [30] . Though, the NIM unit cell has two sheets of FR4 separated by a thick air substrate layer, providing enough negative refractive bandwidth. The copper Jerusalem Crosses are present in the outer faces of each FR4 sheet. This NIM unit cell configuration is illustrated in Fig. 3 . The exact dimensions of the NIM unit cell are obtained using Ansoft HFSS TM master and slave periodic boundary conditions and flouquet port excitation, which emulates a NIM slab with infinite repetitions of unit cells, allowing the elaboration of multiple parametric studies, which can be seen in Section 4. Fig. 4 presents the most critical dimensions of NIM unit cell. Table 2 exhibits the numeric values of NIM unit cell most relevant dimensions. To conclude the design of this gain-enhanced MSA for long-range RFID applications, the NIM planar lens must have its dimensions defined and then bundled with the general-purpose MSA. For that matter, the parametric studies presented in Section 4 are used to find the optimal value for the size of the metamaterial unit cell array and its height above the general-purpose MSA parasite patch. The design process resulted in a NIM planar lens with 5 × 5 metamaterial unit cell array attached to mechanical support that allows an easy coupling between the general purpose MSA and the NIM planar lens. The support is made of an acrylic (polymethyl methacrylate) slab and four cylindrical polypropylene spacers. The configuration of the NIM planar lens with its support is shown in Fig. 5 . In Fig. 6 , the exact dimensions of the NIM planar lens and its support are illustrated. Table 3 exhibits the most relevant dimensions of the NIM slab and its support.' Finally, the general-purpose MSA is coupled easily to the support of the NIM planar lens using four polypropylene cylindrical spacers of 32 mm of height, forming the low-cost gain-enhanced antenna with NIM planar lens for long-range UHF RFID applications. This device configuration is presented in Fig. 7 . Now, with the general-purpose antenna, the NIM planar lens and its combination, the novel gainenhanced MSA with NIM planar lens, designed, they are manufactured using those previously specified materials such as galvanized steel sheets, FR4 slabs, and polypropylene cylindrical spacers. Fig. 8(a) shows the prototype of the general-purpose MSA. The prototype of the NIM planar lens with its mechanical support is seen in Fig. 8(b) .
The prototype of the low-cost gain-enhanced antenna with metamaterial planar lens for long-range UHF RFID applications operating at the ITU Region 2 frequency band, 902-928 MHz, is viewed in Fig. 9 . 
RESULTS AND DISCUSSION
The NIM planar lens, general-purpose MSA, and gain-enhanced MSA with NIM planar lens are validated by simulated and/or experimental results of transmission and reflection coefficients (S-parameters), effective electric permittivity, magnetic permeability, refractive index, and wave impedance, for the metamaterial, and gain, axial ratio, reflection coefficient, and read range, for both antennas. The simulations, as mentioned earlier, were made with Ansoft HFSS TM and GNU Octave. Experimentally measured result of those devices for impedance, far-field and read range characterization were obtained using an Agilent 8510C network analyzer, EMScan RFxpert RFX2 Antenna Performance Scanner, and a Honeywell IF2 Monostatic UHF RFID reader, a 4m LMR-195 cable and Avery Dennison AD-237 tags, respectively. First, the simulated results regarding the metamaterial are presented. Figs. 10(a) and 10(b) show magnitude and phase of reflection and transmission coefficients of the NIM infinite slab based on the unit cell presented in Fig. 3 . In Fig. 10(a) , is possible to observe a transmission peak and reflection dip of 0.83 at 873 MHz and 0.21 at 876 MHz, respectively. A dip in the phase of the transmission coefficient in 878 MHz can be seen in Fig. 10(b) , indicating the existence of a negative index band. In this paper, the time-harmonic convention adopted is e jωt . The metamaterial parameters (impedance, effective refractive index, electric permittivity and magnetic permeability) were obtained using an algorithm for Octave based on the retrieval method specified in [31, 32] that uses the transmission and reflection coefficient. In Fig. 11(a) , a negative refractive band can be seen in the 886-1326 MHz frequency interval, representing a 48% fractional band for 915 MHz and presenting a minimum value of −12.30 at 886 MHz. The wave impedance z of the slab is presented in Fig. 11(b) and is used in conjunction with the effective refractive index n to retrieve the permeability and the permittivity directly from ε = z/n and μ = zn. Fig. 12(a) shows a negative permittivity band defined by the 888-3406 MHz frequency interval, presenting a minimum value of −204.70 at 932 MHz. The negative permeability band of the NIM slab band is presented in Fig. 12(b) and defined by the 885-1065 MHz frequency interval, representing a 19.70% fractional band for 915 MHz and presenting a minimum value of −0.56 at 898 MHz.
The simulated and experimental values of the reflection coefficient for both antennas can be observed in Fig. 13(a) . The general purpose MSA presents a −10 dB impedance band of 828-1015 MHz with 187 MHz (20.49%) of width. The MSA with a NIM planar lens reflection coefficient shows a −10 dB impedance band of 843-993 MHz with 150 MHz (16.44%) of width. Those experimentally measured results are similar to the simulation. The broadside gain of both antennas is seen in Fig. 13(b) . In the 902-928 MHz frequency band, the general purpose MSA presents a maximum broadside gain of 8.43 dBi at 915 MHz and the MSA with NIM planar lens performed 12.50 dBi at 902 MHz. Furthermore, those results are clear evidence that superstrate works well as a NIM planar lens in this frequency band.
The simulated and experimental radiation patterns of both RF devices in x-z and y-z planes are illustrated in Fig. 14 for 915 MHz RFID central frequency. The maximum experimentally measured gain in both planes are of 8.43 dBi for general-purpose MSA, and of 10.82 dBi for the MSA with a NIM planar lens. Figures 13(b) and 14 present a slight discrepancy between simulation and measured results regarding the gain of both antennas. Several reasons can justify that. The first one is related to limitations and difficulties of the RFxpert very-near-field measurement system, especially when dealing with large antennas like the MSA with NIM planar lens, as can be seen in [33, 34] . The second one is Fig. 15 shows the simulated and measured axial ratio values for both antennas. The general purpose MSA and the MSA with NIM planar lens were submitted to the read range tests adapted from [2, 13, 35] . Separately, each antenna prototype is connected to the IF2 RFID Reader using a 4 m LMR-195 and fixed 1 m above the ground with their broadside aligned to an AD-237 tag. In Fig. 16 , an illustration of the read range test scenario can be seen adapted from [35] . The maximum read range d were first obtained with an AD-237 tag placed horizontally and then, vertically. The output power used was of 30 dBm in all tests. Table 4 summarizes the results of the read range tests. The MSA with NIM planar lens read tags at a greater distance, considering both tag orientations. The general purpose MSA presented the smaller difference between read range for each tag orientation. This test results validate the use of both antennas in the communication system that they are designed for and reinforce the gain enhancement and axial ratio degradation in MSA with NIM planar lens in comparison with general-purpose MSA. Finally, a comparison between the general-purpose MSA, the MSA with NIM planar lens, and other two antennas for UHF RFID operating at 902-928 MHz frequency band can be seen in Table 5 . Unfortunately, no other antenna with NIM planar lens for ISO 18000-6c UHF RFID systems were found to integrate this comparison. 
PARAMETRIC STUDIES
Parametric studies were used to investigate the influence of the design parameters of the generalpurpose MSA, the NIM planar lens and the combination of both, the gain-enhanced MSA with a NIM planar lens, on their characteristics and performances, providing crucial information for their design and optimization. The general-purpose MSA is constructed under well-established knowledge [8] [9] [10] [11] . The effects under the majority of the antenna parameters are already well known, and thus they are not shown in this paper since it is only used for optimization.
In [16, 28, 29] , parametric studies about the JCP Metamaterial provide some meaningful analysis considering it an infinite array of unit cells, but both are focused only in transmission and reflection coefficient in frequencies above 5 GHz. The studies shown in this paper observes the influence of the most critical design dimensions W t, Lit, g and hm in reflection and transmission coefficient and in effective permittivity, permeability and refractive index, focusing on the frequencies around UHF RFID 902-928 MHz frequency band.
Finally, the combination of the NIM planar lens and the general-purpose MSA to form the MSA with NIM planar lens is studied observing the influence of the number of unity cells on NIM planar lens and its height, hms, above the parasitic patch on the gain and the reflection coefficient of the antenna. This study provides a novel understanding of the use of a NIM planar lens approach for gain enhancement around 1 GHz. The parametric studies are based on simulated results due to the good agreement between them and that experimentally obtained. In order to provide a clearer understanding of the influence between the design parameters and the desired characteristics of the metamaterial and the MSA with NIM planar lens, only one parameter at a time is varied, while others are kept unchanged. The design parameters of the unity cell for the parametric studies are: W t = 15 mm, W c = 2 mm, Lm = 22.10 mm, Lit = 18 mm, g = 0.05 mm, hm = 13.20 mm and tc = 0.14 mm. For the MSA with NIM planar lens, the design parameters are: W g = 250 mm, Lpi = 124 mm, W pa = 95 mm, hpa = 20 mm, hpi = 12 mm, Ls = 250 mm, W ms = 110.50 mm and hms = 140 mm.
The Effects on JCP Metamaterial
As shown in Fig. 4 , the most critical parameters related to the JCP/NIM electromagnetic characteristics are the length of I-shaped dipole, Lit, the width of its tip, W t, the height of the air layer between FR4 sheets, hm, and the gap between the tip of the dipole and the edge of the FR4 dielectric, g. Figure 17 shows the impact of hm variation on reflection and transmission coefficient, and on effective permittivity, permeability and refractive index. The increase in hm practically maintains the negative effective permittivity band in the same frequency interval and with similar width. The other three bands are all shifted down, with significative enlargement in their widths. Figure 18 presents the effects of Lit variation on reflection and transmission coefficients, and on effective permittivity, permeability, and refractive index. The increment in Lit offsets down all five bands, narrowing their widths. The refractive effect intensity increases due to the tuning among permeability and permittivity frequency bands. Figure 19 illustrates the influence of g variation on reflection and transmission coefficients, and on effective permittivity, permeability, and refractive index. The increment in g moves the negative effective permittivity band up, but its width is diminished. The other four bands are all enlarged and pushed up in the frequency spectrum. Figure 20 shows the effects of W t variation on reflection and transmission coefficients, and on effective permittivity, permeability, and refractive index. The increment in W t provides an enlargement in reflection and transmission coefficient bandwidths initially. Then, that tendency is reversed, and it starts to narrow down. The mentioned frequency bands are also moved down during W t increase. The other three bands are all diminished and moved down in the frequency spectrum. 
The Effects on MSA with NIM Planar Lens
As seen in Fig. 5 , to form the MSA with NIM planar lens as a combination of the NIM slab and generalpurpose MSA, the number of unity cells of the NIM planar lens and its height, hms, above parasitic patch must be determined. The antenna gain and reflection coefficient are the parameters observed in those studies, trying to maximize gain and maintain the 902-928 MHz frequency band contained in the impedance band of the antenna. Fig. 21 shows the gain and reflection coefficient for the variation in the number of unit cells. The gain of the MSA with NIM planar lens grow from 2 × 2 to a 6× 6 unit cells array configuration, reaching its maximum value with 5 × 5 setup. The reflection coefficient is not significantly altered, maintaining the 902-928 MHz band covered. Fig. 22 shows the gain and reflection coefficient for the variation of the height, hms, of the NIM planar lens with 5 × 5 unity cells array configuration. The gain of the MSA with NIM planar lens increase from 20 mm to 180 mm, reaching its maximum value at 140 mm. The reflection coefficient is severely altered in low values of hms, being this phenomenon caused by an intense coupling between the general-purpose MSA and the NIM planar lens. Even with this alteration, the 902-928 MHz band is still covered in hms = 140 mm configuration. 
CONCLUSION
A novel low-cost gain-enhanced antenna with a NIM planar lens for long-range UHF RFID applications operating at 902-928 MHz frequency band is proposed in this paper. This device emerges as a conjunction of a general-purpose MSA and a NIM planar lens. The general-purpose MSA has an impedance and an axial ratio frequency band of 828-1015 MHz and 896-931 MHz, respectively, and a maximum gain of 8.43 dBi at 915 MHz. This device is low-cost, light, easy to manufacture, being thus an efficient well-rounded antenna that can be used in several short and medium-range UHF RFID applications. The JCP/NIM planar lens has effective negative permittivity, permeability, and refractive index bands of 888-3406 MHz, 885-1065 MHz, and 886-1326 MHz, respectively, covering thus the entire 902-928 MHz frequency band.
The MSA with NIM planar lens has a maximum gain of 12.5 dBi, at 902 MHz, a 48.27% increase over the general-purpose MSA, an impedance frequency band of 843-993 MHz, and elliptical polarization. This device is light, compact, and easy to manufacture, inheriting from the general-purpose MSA several scalability advantages that reinforce the low-cost nature of this high-gain antenna. The attested gain enhancement of this antenna in simulated and experimentally measured results confirms the effectiveness of the metamaterial as a planar lens.
Reading-range measurements tested the use of both antennas in a UHF RFID system operating at 902-928 MHz frequency band. This test result validates both antennas in their native communication system, ratifying the gain enhancement and axial ratio degradation in MSA with NIM planar lens in comparison with general-purpose MSA.
Finally, two sets of novel parametric studies are presented. The first one relates the most critical design parameters of a JCP metamaterial with reflection and transmission coefficient and effective permittivity, permeability and refractive index. The last one is related to the MSA with NIM planar lens design and observes the influence of the number of unity cells on NIM planer lens and its height above the parasitic patch of the general-purpose MSA on the gain and the reflection coefficient of the antenna. Both studies will be constructive in the design and optimization of JCP metamaterials and NIM gain-enhanced antennas, especially for UHF RFID applications based on ISO-18000-6C air interface protocol.
